Abstract The ocean off NW Africa is the second most important coastal upwelling system with a total annual primary production of 0.33 Gt of carbon per year (Carr in Deep Sea Res II 49:59-80, 2002). Deep ocean organic carbon fluxes measured by sediment traps are also fairly high despite low biogenic opal fluxes. Due to a low supply of dissolved silicate from subsurface waters, the ocean off NW Africa is characterized by predominantly carbonatesecreting primary producers, i.e. coccolithophorids. These algae which are key primary producers since millions of years are found in organic-and chlorophyll-rich zooplankton fecal pellets, which sink rapidly through the water column within a few days. Particle flux studies in the Mauretanian upwelling area (Cape Blanc) confirm the hypothesis of Armstrong et al. (Deep Sea Res II 49:219-236, 2002) who proposed that ballast availability, e.g. of carbonate particles, is essential to predict deep ocean organic carbon fluxes. The role of dust as ballast mineral for organic carbon, however, must be also taken into consideration in the coastal settings off NW Africa. There, high settling rates of larger particles approach 400 m day À1 , which may be due to a particular composition of mineral ballast. An assessment of particle settling rates from opal-production systems in the Southern Ocean of the Atlantic Sector, in contrast, provides lower values, consistent with the assumptions of Francois et al. (Global Biogeochem Cycles 16(4):1087. Satellite chlorophyll distributions, particle distributions and fluxes in the water column off NW Africa as well as modelling studies suggest a significant lateral flux component and export of particles from coastal shelf waters into the open ocean. These transport processes have implications for paleoreconstructions from sediment cores retrieved at continental margin settings.
Introduction
One major objective of the Joint Global Flux Study (JGOFS) which ended in 2003 was to understand the regional variations in the strength and the efficiency of the biological pump which may drawdown and sequester CO 2 from ocean and atmosphere (Berger et al. 1989 ). The carbon rain ratio (CRR) which is the ratio of particulate organic carbon to particulate inorganic carbon (C org : C carbonate or C org :C inorg ) is a direct measure for the efficiency of the biological pump. However, for the drawdown of CO 2 from the atmosphere on longer time scales, particles must leave the seasonal mixed layer (Antia et al. 2001) . The depth of remineralization in the water column is strongly dependent on the mode of particle transport and the sinking behaviour of larger particles in the water column. Globally, large variations of the CRR in sinking particles may be observed whereby higher ratios were found at continental margin settings (Tsunogai and Noriki 1991) .
The continental margin off NW Africa belongs to the four most important Eastern Boundary Current (EBC) systems which have long been recognized for their high productivity (Carr 2002) . These regions are also important for paleoenvironmental reconstructions (e.g. Stein et al. 1989; Sarnthein et al. 1981 ) and the reconstruction of African climate in the Tertiary and Quaternary (e.g. de Menocal et al. 1993) . High modern productivity is fuelled by trade-wind driven upwelling of nutrient-rich water along a narrow band adjacent to the coast. The trade winds must have been stronger during glacial times due to higher latitudinal temperature gradients, which should induce stronger upwelling and productivity (e.g. de Menocal et al. 1993) . Modern coastal upwelling areas contribute about 7% to the total ocean primary production of about 50 Gt C year À1 (Antoine et al. 1996; Behrenfeld and Falkowski 1997; Chen et al. 2003) and mesotrophic sites as defined by Antoine et al. (1996) appear to contribute about half of the production in coastal upwelling areas. The Canary Current System (CC) is the second most productive EBC System after the Benguela Current (BC) and takes up about 0.33 Gt C year À1 according to SeaWiFs satellite data (Carr 2002) . A high input of aeolian dust from the African continent supplying material to the North Atlantic and the Caribbean Ocean (Prospero 1996 , Kaufman et al. 2005 , Jickells et al. 2005 leads to a unique environment in which biogeochemical processes in the ocean may be strongly affected by dust. Besides the input of iron via dust for primary production (Martin et al. 1990) , it has been suggested that organic carbon fluxes are affected by mineral ballast (Ittekkot 1993; Armstrong et al. 2002; Klaas and Archer 2002; Francois et al. 2002) . Small refractory lithogenic particles but also single coccolithophorids are too small to sink separately and are known to be incorporated into larger and faster sinking particles such as pellets and/or marine snow aggregates (e.g. Pilskaln et al. 1998) . More recent studies of global fluxes suggest carbonate as chief mineral ballast for organic carbon (Francois et al. 2002; Klaas and Archer 2002) . Armstrong et al. (2002) argued that the production of ballast minerals is even more important for organic carbon fluxes in the deep ocean than primary production which has consequences for paleoproductivity studies (Francois et al. 2002) . The role of lithogenic material (i.e. dust) as carrier for organic carbon is discussed controversially. Globally, its role may be irrelevant (Francois et al. 2002) and culture studies have shown that lithogenic material could even decrease the downward flux of phytoplankton biomass (Hamm 2002) . Particle settling rates estimated from sediment trap studies appear to be not impacted by lithogenic materials according to Berelson (2002) . The latter author also concluded that settling rates of particles increase with depths. Little is known about the mechanisms behind the ballast theory and empirical findings do not show cause and effect as pointed out by Passow (2004) . Armstrong et al. (2002) argued that the fraction of particulate organic carbon (POC) reaching the deep ocean is chemically protected by mineral particles from degradation. Particle sinking speeds of larger particles such as marine snow aggregates may also be involved in the discussion (Klaas and Archer 2002; Francois et al., 2002) . The latter hypothesized that remineralization in the twilight zone (=mesopelagic zone) of the low-latitude oceans is relatively low due to high carbonate mineral availability which may constitute dense and fast sinking fecal pellets. In contrast, high-latitude oceans with high export of diatom aggregates which have a labile nature may be characterized by reduced particle sinking speeds. These ideas are in agreement with generally higher settling rates of fecal pellets (20-900 m day À1 , Fowler Here we study the significance of different potential particle carriers such as dust and carbonate by using global, regional and particle flux data from the Cape Blanc area off Mauretania. We examine the role of coccolithophorid carbonate as major ballast mineral, not total carbonate as done by Francois et al. (2002) and Klaas and Archer (2002) . Although total carbonate appears to be mostly composed of coccolithophorids in the modern ocean, foraminifera may contribute up to 1/3 to ½ to total carbonate flux (Fischer et al. 2007; Ramaswamy and Gaye 2006) . In contrast to small coccolithophorids, foraminifera sink mainly as individuals (s.r.*500 m day À1 , Takahashi
and Bé 1984) and should not be included in the carbonate fluxes when discussing carbonate ballasting effects on organic carbon. We used the alkenone fluxes to estimate coccolithophorid-associated settling rates of particles between the surface ocean and the deep ocean off NW Africa. We compare these particle settling rates with those from diatom-dominated production systems of the South Atlantic/Southern Ocean (Fischer et al. , 2002 . We test the hypothesis of different particle settling rates (Francois et al. 2002) for carbonate and biogenic opal production systems which are crucial for organic carbon transfer and CO 2 sequestration. We finally investigate and model the role of horizontal versus vertical particle transport in the transitional zone between the NW African shelf and the deep Atlantic Ocean and discuss implications for paleoceanographic reconstructions.
Atmospheric and oceanographic settings
Our study sites off NW Africa were in the northern (Canary Islands), central (off Cape Blanc) and southern part (Cape Verde) of the EBC which is dominated by the flow of the Canary Current (CC) and the North Equatorial Current (NEC, Fig. 1 , Fischer et al. 2007 ). The northeast trade winds strongly determine coastal upwelling in the central and northern part of the study area and increase in winter and spring. There is a large offshore transport from the coastal region, responsible for relatively high open-ocean primary production and the occurrence of coastal phytoplankton several hundred kilometres offshore (e.g. Van Camp et al. 1991; Romero et al. 2002) . Off Cape Blanc, fairly steady winds lead to upwelling throughout the year (Schemainda et al. 1975 ) with intensifications in spring, summer and fall (Mittelstaedt 1991; Van Camp et al. 1991; Barton et al. 1998) . Around the Canary Islands, upwelling takes place typically from July to September, with the most intense upwelling centres off Cape Ghir, Cape Yubi and Cape Bojador (Hernández-Guerra et al. 1993) . A comparison of nutrient availability in the source water reflects the difference between northern and the central/ southern study area. The North Atlantic Central Water (NACW) north of about 23°N is nutrient-poor, whereas the South Atlantic Central Water (SACW) south of 21°N is richer in dissolved nutrients. Accordingly, the sites around the Canary Islands and NABE 34°N are characterized by low nitrate and silicate supply, whereas the sites CB and CV have higher nitrate and silicate availability. The molar Si:N ratios of the source waters in 250 m, however, differ not much between both regions and are around 0.6. Primary production on a transect north of the Canary Islands is described by Davenport et al. (2002) (Van Camp et al. 1991) . The atmospheric circulation pattern also displays strong seasonality. At Cape Blanc, wind speeds at Nouadhibou airport (Mauretania) strongly increase in later winter to early spring (Van Camp et al. 1991 ) reaching a maximum in summer (Fischer et al. 1996a) . A high supply of dust is found at the mesotrophic EUMELI site (Bory et al. 2001; Bory and Newton 2000) which is only slightly south of our site CB. Maximal dust influx is found in the Cape Verde area. The region around 20°N off Cape Blanc is almost in the centre of the summer dust plume which originates in the Sahara-Sahel Region. There, rather wet conditions prevail when the Intertropical Convergence Zone (ITCZ) reaches its northernmost position at about 15°N. In winter, the centre of the dust bloom migrates towards the equator in conjunction with the ITCZ and generally dry conditions govern the Sahel and sub-Sahara regions (Fischer et al. 2007) .
Other study sites with sediment trap moorings were in the Equatorial Atlantic, the South Atlantic and the Southern Ocean (Fig. 1, Table 1 ). They are described in detail in Fischer et al. (2000 Fischer et al. ( , 2002 and Fischer and Wefer (1996) .
Material and methods
For particle sampling, large-aperture time-series sediment traps of the Kiel-type were used. They were equipped with 20 cups and had openings of 0.5 m 2 (Kremling et al. 1996) . The cups were poisoned with HgCl 2 , and NaCl was added to increase the density (40%o) of the filtered seawater. The pH was checked after recovery of the traps and was generally between 7 and 8. Conical sediment traps were also used in the EUMELI program (for detailed description see Bory and Newton 2000) and HONJO-type traps were applied at site NABE 34°N (Honjo and Doherty 1988; Honjo and Manganini 1993) . Swimmers were removed by hand using foreceps and the material was carefully wetsieved through a 1 mm nylon mesh. Particle flux data from all sites refer to the <1 mm size fraction. The homogenized samples were split into sub-samples on which further analysis was performed. Mass flux was determined by weighing the sub-samples. Total carbon, organic carbon and nitrogen were obtained by combustion with a HEREAUS-CHN-analyzer. Organic carbon was measured after removal of carbonate with 2 N HCl. Carbonate was determined by subtracting organic carbon from total carbon, the latter being measured by combustion without a pre-treatment with 2 N HCl. Biogenic opal was measured according to Müller and Schneider (1993) using a sequential leaching technique with 1M NaOH as dissolving agent. The lithogenic (=non-biogenic) fraction was calculated as follows: Lithogenic = total flux À opal À carbonate À 2*C org (=organic matter).
To avoid problems with the trapping efficiency, which appears to be lower in the surface and subsurface waters (Yu et al. 2001; Scholten et al. 2001) , we used flux data from deeper traps (700 m to about 1,000 m; see Table 1 ) to circumvent strong undersampling. On the other hand, we intended to avoid depths where lateral input of material enhanced particle flux as had previously been observed in our study area in the Canary Island region (e.g. Neuer et al. 1997 Neuer et al. , 2002 . For a detailed description of currents velocities and directions and the discussion of trapping efficiencies see Fischer et al. (1996a, site CB) , Bory et al. (2001, EUMELI sites) , Neuer et al. (1997, Canary Island Region) and Fischer et al. (2000, 2002, Atlantic and Southern Ocean) .
For the estimation of settling rates we used sediment traps from two different water depths (about 1,000 m water depths and 500 m above the seafloor, Table 1 ). Two different approaches were applied. The first one compared the time shift of major flux peaks of total mass. We divided the distance between both traps by half the sampling interval at a zero-cup shift, or by one sampling interval at a one-cup shift. The second method applied followed Berelson (2002) who attempted to find the best fit between total fluxes at two water depths by shifting the time series by one or two sampling intervals. We calculated settling rates of alkenone-associated particles (mainly coccolithophorids) by determining the time shift between maxima/minima of measured SSTs and alkenone-derived temperatures obtained from the shallower and deeper trap samples (see Müller and Fischer 2001) .
Results and discussion
Primary production and material export to deep waters in EBCs: carbonate versus opal-production Mean daily primary production (1.7 mg C m À2 day À1 ) and annual primary production (620 g C m À2 year À1 ) in the Canary Current (CC) are relatively low compared to other EBC systems (Carr 2002; Fig. 2a ). However, due to its large active area with high chlorophyll (>1 mg Chl m À3 ), the Canary Current produces about 0.33 Gt C year À1 and is the second most important EBCs in the world ocean (Carr 2002; Fig. 2b ). The mean deep ocean organic carbon flux in the Canary Current system is also above the mean Int J Earth Sci (Geol Rundsch) (Fig. 2f ). This shows that the CC is not an opaldominated coastal upwelling regime (Fischer et al. 2007 ). When considering the low supply of dissolved silicate to the coastal waters off NW Africa, this pattern is consistent with the silicate pump model of Dugdale et al. (1995) and the findings of Ragueneau et al. (2000) . The latter authors could show a dependence of deep ocean biogenic opal fluxes on the supply of dissolved silicate, which is associated with the modern circulation of the conveyor belt (Fig. 3a , Fischer et al. 2003) . The relatively young deeper waters in the Atlantic Ocean are depleted in dissolved silicate whereas the Southern Ocean or Pacific Deep Waters are enriched (Fig. 3b) . Therefore, the modern Atlantic may be termed a 'carbonate ocean' (low BSi:C org ratios) and the Pacific/Southern Ocean both are 'silicate oceans' (high BSi:C org ratios). The Indian Ocean is intermediate with respect to biogenic opal production/flux and the BSi:C org ratios (Fig. 3a) .
Generally, it is assumed that biogenic opal or diatom production systems display a higher seasonality and a more event-driven export or pulsed sedimentation, which should result in a higher carbon export (Berger and Wefer 1990) . However, the carbonate-dominated production system of the Canary Current shows higher organic carbon fluxes than the more opal-dominated production systems of the California and the Humboldt Current (Fig. 2) . One explanation is the carbonate ballast model and the high transfer efficiency of organic carbon in carbonate (coccolithophorid) production systems (Francois et al. 2002) . Lithogenic fluxes in the Canary Current were far above the mean value (Fig. 2d) . These values are only approached at a site located off Chile (Hebbeln et al. 2000) , where large portions of lithogenic matter were supplied by rivers (Fig. 2d , Chen et al. 2003) . Due to high dust deposition rates and mean lithogenic/dust fluxes of about 14 g m À2 year À1 (Ratmeyer et al. 1999; Kaufman et al. 2005; Jickells et al. 2005) , the Canary Current is a unique biogeographic province. A central question is whether the high dust deposition might affect the transfer of organic carbon and Fig. 2 Annual primary production per m À2 (a) and total annual primary production (b) in the four Eastern Boundary Current systems (EBCs, Carr 2002 ), shown together with particle fluxes of major biogenic and non-biogenic components (Fischer et al. 2007; modified ). Biogenic opal fluxes in the BC are expected to be higher (arrow in f). HC Humboldt Current, CaC California Current, BC Benguela Current, CC Canary Current Int J Earth Sci (Geol Rundsch) contribute to the high organic carbon fluxes in the Canary Current. Globally, lithogenic components seem to play a minor role as ballast mineral (Francois et al. 2002) . However, other authors considered lithogenic materials and dust as ballasting minerals (e.g. Klaas and Archer 2002) and suggest a significant effect on carbon transport, at least locally (Ittekkot 1993 ).
Carbonate versus dust as ballast minerals for organic carbon in the Canary Current Armstrong et al. (2002) mentioned that the production of ballast minerals is even more important than production of organic carbon at the surface which could be the reason for the variable decay curves of organic carbon with depths (Martin et al. 1987; Antia et al. 2001 , and references therein), and the missing or largely variable relationships between primary production and export flux. They provided a new model with two classes of organic material having strongly different POC decay curves, one associated with ballast which might probably be protected from degradation, and a second class which is not linked to ballast and not protected (Fig. 4) . The crosshatched area between the curves is the so-called 'excess carbon', the potentially degradable fraction. In particular, carbonate minerals appear to be the most important particle carriers at least on a global scale (Fig. 5a , Jahnke 2003; data from Klaas and Archer 2002; Francois et al. 2002) . The relationship between biogenic opal and POC is highly variable as discussed above and the lithogenic fraction versus POC displays no clear picture when considering the global data set (Fig. 5a) . Francois et al. (2002) postulated that the lithogenic fraction in open ocean sites is generally too low to account for a high organic carbon transfer via ballast to depth. But in near-shore areas, he considered a ballasting effect, e.g. of clay minerals as suggested by Ittekkot (1993) . The study area off NW Africa provides a unique setting to test the importance of lithogenic materials (mostly dust) for production, export and transfer of organic carbon to the deep ocean. Plotting all flux data from the offshore area off NW Africa (Fig. 5b) , however, points to carbonate as the major ballast mineral (R 2 = 0.92, N = 11) with a slope and a carbon rain ratio of 1.3, almost similar to the ratio for the global ocean (Fig. 5a ). Analogous to the global ocean plot, lithogenic components show a less significant relationship off NW Africa (Fig. 5a, b) . But we have to keep in mind that some of the study sites (e.g. CI, LP. NABE, EUMELIoligo, Fig. 1 ) are characterized by more open ocean conditions or are far off the major dust plumes (Fischer et al. 2007 ). We therefore investigated the relationships for the Cape Blanc site which has a dust flux in the order of 15 g m À2 year À1 (Fischer et al. 2007 ). Figure 5c shows indeed a significant correlation between lithogenic fluxes and organic carbon (R 2 = 0.90, N = 7) when excluding the unique year 1991 (see below). However, carbonate also provided a perfect correlation (R 2 = 0.95, N = 7, value from 1991 also excluded) but the carbon rain ratio of 0.6 is significantly lower compared to the global mean and the value determined for NW Africa (=1.3, Fig. 5b ). These findings suggest at least some influence of dust as ballast for organic carbon. Fischer et al. 2007 ) and offshore Cape Blanc, Mauretania (c). Note the overall correspondence between carbonate and organic carbon fluxes on a global scale, off NW Africa (upper traps, *1,000 m) and at site Cape Blanc (upper traps *1,000 m, 1991 excluded) (see Table 1 ). Off Cape Blanc, lithogenic matter offers a similar good relationship to organic carbon when excluding the data from 1991 (see text)
The role of coccolithophorids for organic carbon transfer to depth off Mauretania (Cape Blanc)
A closer look at the relationships between various major flux components shows the seasonal changes of daily bulk fluxes, total alkenones and the calculated SSTs from alkenone measurements (Müller and Fischer 2001) (Fig. 6) . Considering the long-term trends of major biogenic components, organic carbon is decoupled from biogenic opal and total carbonate (Fig. 6a, b, d) . However, the increase of organic carbon in 1991 and the seasonality is related to an increase in total alkenones which are produced by coccolithophorids (Figs. 6d, e, 7d) . The SSTs derived from the alkenone U K 0 37 -index (Müller and Fischer 2001 ) suggest a year 1991 with lower-than-normal SSTs both in spring and summer (Fig. 6f) by about 3°C and 2°C, respectively. This could indicate stronger upwelling conditions and higher productivity. But biogenic opal (Fig. 6b) and diatom fluxes remained relatively low in 1991 (Romero et al. 2002) , whereby the diatoms indicate a stronger coastal influence, in agreement with lower SSTs. We propose strong lateral advection of particles from near-shore environments where SSTs were probably as low as 16.5°C in spring (Fig. 6f) . In contrast, the lowest SSTs measured above the trapping site in winter/spring were distinctly higher (*20.5°C). We suggest lower primary production in 1991 which would fit to the lower diatom and opal fluxes. Freshwater diatoms, phytoliths and pollen grains as well as a higher contribution Table 1 ). In d, carbon rain ratios (C org :C carbonate ,open circles) are also given, which are highest in 1991. A five-order polynomial fit highlights the long-term decrease of biogenic opal (b). In contrast, alkenones and organic carbon fluxes increased in 1991, when alkenone temperatures were relatively low of fine-grained lithogenic material (6-11 lm; Ratmeyer et al. 1999 ) reflect minor intensity of the trade winds and probably reduced coastal upwelling (Romero et al. 2003) .
But what is the reason for the observed high organic carbon and alkenone fluxes in 1991, mainly in summer, despite probably lower productivity? Müller and Fischer (2001) used the time shifts of peak alkenone temperatures in late summer estimated from the deep ocean traps and the measured SSTs to determine the settling rates of alkenoneassociated particles, i.e. coccolithophorids. They found exceptionally high settling rates of 280 m day À1 in late summer 1991 which could explain the elevated high organic carbon and alkenone fluxes. We assume that these unusually high settling rates were due to the sedimentation of very densely packed fecal pellets which transfer high amounts of organic carbon to depth. Mesozooplankton fecal pellets containing high amounts of pigments and coccolithophorids were collected in a comparable setting in the Canary Island region in about 900 m water depths (site CI/ESTOC, Fig. 1 ) during a pulsed sedimentation event (Fischer et al. 1996b ). We obtained a close relationship between organic carbon and carbonate at this site (R 2 = 0.92, N = 39), pointing towards carbonate as major ballast mineral (see also Neuer et al. 2004 ). High organic carbon fluxes combined with relatively low carbonate (=coccolithophorid) fluxes resulted in unusually high CRR (in 3,562 m) of about 1-4 in 1991 at site CB4 (Fig. 6d) . Typically, CRR in the depth range of 1,000-2,000 m are around 1-2 ( Fig. 5a, b ; Fischer et al. 2007; Antia et al. 2001) . The findings argue against the application of organic carbon as a productivity proxy (Francois et al. 2002) . Figure 7 illustrates the composition of total carbonate from 1989 to 1991 and shows that during 1991 carbonate was almost exclusively supplied by coccolithophorids (94% on average). Total fluxes of coccolithophorid-carbonate, however, were even lower in 1991. All available proxies discussed above and the fluxes of temperature sensitive planktonic foraminifera (Fig. 7b, Ž arić et al. 2005 ) point towards a stronger coastal influence in 1991 when coccolithophorids dominate total carbonate fluxes (Fig. 7d, insert) . We also obtained a co-variation between alkenones and organic carbon in 1991 (Fig. 8d) ; however, the relationship between carbonate/coccolithophorid carbonate and organic carbon is less perfect (Fig. 8a , R 2 = 0.53) although still better than during the other years. A closer association is observed between lithogenic materials and organic carbon in 1991 (R 2 = 0.71). Although even the lithogenic and coccolithophorid fluxes were lower in 1991, they were linked much closer to organic carbon. They obviously lead to higher particle settling rates and a high transfer rate of organic carbon. We propose that finegrained lithogenic materials and tiny coccolithophorids favour the formation of very densely packed fecal pellets with ideal hydrodynamic properties for rapid sinking. The years 1989-1990 were characterized by a higher amount of secondary producers (planktonic foraminifera, 25%, Fig. 7c ) in the trap samples. Warmer surface water conditions in 1989 are accompanied by the occurrence of temperature sensitive species G. ruber and G. sacculifer (Ž arić et al. 2005 ) which disappear almost completely in 1991.
Contrasting particle settling rates in carbonate and opal production systems in the Atlantic Ocean
We tested the hypothesis of Francois et al. (2002) who suggested higher settling rates in carbonate compared with biogenic opal production systems. We obtained a trend of increasing settling velocities from high southern latitudes to about 20°N (Fig. 9 ) for our Atlantic sites (Fig. 1) . We included the mean values from the Pacific Ocean and the Arabian Sea from Berelson (2002) , both fitting into the general pattern. The range of estimated settling rates (60-750 m day À1 , Fig. 9 ) obtained by the two methods correspond to values derived from other studies (Fowler and Small 1972; Dierks and Asper 1997; Pilskaln et al. 1998 ).
We determined highest sinking velocities in carbonate production systems with a significant influx of dust (e.g. sites GBN3, CB, CV). The first method based on one distinct seasonal peak provides extraordinary high values for site CV, which is characterized by the highest supply of dust off NW Africa. We estimated the settling rates for the upper and lower water column using alkenone temperatures derived from sediment traps in two depth levels, which were compared to measured surface temperatures (G. Fischer et al. in preparation) . From these results we conclude that settling rates increase with water depth. This increase is described by Berelson (2002) who compiled settling rates from the Equatorial Pacific, the Arabian Sea and the Central California coastal waters. The increase in settling rates is generally associated with the loss of relatively light organic carbon with depth (Berelson 2002) , thus increasing particle density.
Lateral advection and cross-shelf export off Cape Blanc, and implications for paleo-records Lateral advection of particles was already discussed above, i.e. to clarify low SSTs recorded by the alkenones (U K 0 37 -index). In particular, single tiny coccolithophorids and lithogenic material in the fine silt and clay size fraction appear to be subject to lateral displacements. A large number of flux patterns in the oceans point to a significant lateral component in particular in hemipelagic settings. This leads to higher particle fluxes in the deeper and bottom-near water column (e.g. Neuer et al. 1997; Siegel et al. 1990 ). To illustrate this general feature, we compiled particle flux data from upper and lower traps from site CB (Fig. 1, Table 1 ), which indicate significant interannual variability of particle transport processes (Table 2) . Case 1 (deployment CB4), a scenario with a negligible lateral flux input is characterized by an almost constant flux of refractory and fine-grained lithogenic materials (Ratmeyer et al. 1999) . Organic carbon decreases significantly by almost 50% which appears to be reasonable. In addition, biogenic opal and carbonate clearly decrease with depths, pointing towards some dissolution in the water column above about 3,500-3,600 m (Table 2) (Ragueneau et al. 2000; Milliman et al. 1999 ). This type of flux pattern is in agreement with higher settling rates which were estimated from alkenone temperatures and particle flux patterns. In case 2 (deployment CB3), some lateral influx can be recognized, mainly of refractory lithogenic materials, which show an increase of about 50%. From the flux pattern of deployment CB13, a high advective supply of all components can be inferred (case 3). Lithogenic materials being subject to lateral displacement display a twofold increase but also the other components (except organic carbon) increased significantly with depths (Table 2) . Table 1 ). In the relatively warm year 1989, 25% of carbonate on average is contributed by foraminifera and 64% by coccolithophorids. In contrast, in the unusually cold year 1991, foraminifera were almost absent and coccolithophorids supply almost all carbonate (94% on average) which is also indicated by the perfect correspondence between coccolithophoridcarbonate and total carbonate (right insert in d)
Lateral advection of particles within the surface waters is evident when studying the development of chlorophyll filaments which are present in all coastal settings. A timeseries of chlorophyll extracted from SeaWiFS satellite data at five positions from the coast to the open ocean and the trap location CB shows an advective transport of chlorophyll within the huge Cape Blanc filament (Helmke et al. 2005) . One chlorophyll maximum developed at the coast in October and migrated over about 360 km towards the trap location, where it obviously contributed to an organic carbon flux maximum in winter/spring which is typical for this site (Fischer et al. 2007) . A secondary chlorophyll peak from late spring to early summer can also be tracked and supplies to the deep organic carbon flux in late summer at the trapping location. The delay between chlorophyll peaks on the surface above the trap and the corresponding peaks of organic carbon in the deep traps provide particle settling rates between 60 and 170 m day À1 (Helmke et al. 2005) , which are comparable with our results from alkenone studies, but are in the lower range of values determined from flux patterns (Fig. 9) . We employed ROMS (Regional Ocean Modeling System) to study cross-shore lateral advection of particles in the NW African upwelling system on a high spatial and temporal resolution. As opposed to the model configuration described in Karakas et al. (2006) , herein we used the full sediment transport module to achieve a more realistic simulation across the sediment/water interface: particles are defined at the sediment layer of the model, which are resuspended into the water column by the bottom shear acting upon them. This particular setup takes into account the fact that the flux of particles into the water column is proportional to the near bottom velocities and the upwelling strength. We specified two classes of particles in the model with different size; 10 and 50 lm and settling rates; 5 and 30 m day À1 respectively. These particles can represent coccolithophorids and lithogenic material of silt size. ROMS is an hydrostatic, free surface, primitive-equation ocean model with terrain-following coordinates in the vertical and curvilinear coordinates in the horizontal on an Arakawa C-grid (Shchepetkin and McWilliams 2005) . Particle dispersion was simulated by means of the sediment transport module in ROMS, which treats all sediment fractions as non-cohesive (Blaas et al. 2007 ). The suspended sediment concentration equation is a modification of the general advection-diffusion equation for tracers: Fig. 8 Relationships between major flux components/ alkenones and organic carbon using daily seasonal fluxes from the Cape Blanc deployments 1-4 (1988-1991, lower traps) . Closest correspondence was found between alkenone/ lithogenic fluxes and organic carbon in 1991. Significant, but variable relationships were obtained for opal versus organic carbon Int J Earth Sci (Geol Rundsch) where the subscript i = 1, 2 denotes direction (x 3 vertically upward), c j is the wave-averaged non-cohesive suspended sediment concentration of size class j, u i is velocity, K i is eddy diffusivity, w sj is the settling velocity and Q j representing internal sources and sinks. Horizontal diffusion of sediments is implicitly solved by the upstream-biased advection scheme adopted in the code (i.e. K 1 = K 2 = 0 m 2 s À1 ). Vertical eddy diffusivity is determined by using Kprofile parameterisation, which includes surface and bottom boundary layer parameterisations.
In the present setup the sediment is considered to originate from the bed. Lateral open boundaries are dealt with as for any other tracer in ROMS according to the methods by Marchesiello et al. (2001) : on outflow radiation and advection conditions, on inflow concentrations are nudged to an external value. In our experiment the nudging of tracers along the lateral open boundaries is to zero concentrations as the boundaries are located far from the source regions and the concentrations fall down in offshore direction. For each size class, the bottom boundary condition for the flux into the water is computed as the sum of the downward depositional flux (-w s c) and an upward erosional flux E at a reference height above the bed (z = z 0 ). Erosion flux E (kg m À2 s À1 ) is parameterized as function of the bottom shear stress in a fashion similar to Ariathurai and Arulanandan (1978) : Fig. 9 Settling rates of particles estimated by (a) comparing major flux peaks in shallower and deeper sediment traps (Table 1) , and (b) by the correlation method (Berelson 2002) . Note the increase from higher to lower latitudes, following the overall increase in carbonate and decrease in biogenic opal content. Highest settling rates were obtained in carbonate production systems with a high supply of dust. Insert in (a) gives a comparison between both methods. Settling rates from the Equatorial Pacific and the Arabian Sea (Berelson 2002) were included in b), and fit into our general pattern Absolute and relative increases of the fluxes with depth are shown for three different cases of particle transport (sites CB3, 4, 13)
Int J Earth Sci (Geol Rundsch) where E 0,j is an empirical erosion rate (erodability), p is the sediment porosity of the active layer at the water-bed interface, f j is the volumetric fraction of size class j in the active layer of the bed (see below), s cr,j is the critical erosion shear stress, and s b is the shear stress of the flow on the grains. In our experiments porosity p has a constant value of 0.4. The critical erosion shear stress s b and erodability E 0 are determined from empirical relations for which we refer to Blaas et al. (2007) . Unless accurate in situ measurements are available, the precise value of E 0 has a large uncertainty. In the literature its order of magnitude ranges roughly from 10 À4 to 10 À2 kg m À2 s À1 (e.g. Smith and McLean 1977; Drake and Cacchione 1989; Xu et al. 2002) . The s b and E 0 values we use in this study are 0.05 N m À2 and 2.5 · 10 À4 kg m À2 s À1 respectively for both classes. The sediment bed is modeled as a two-layer system: a relatively thin 'active layer' with constant thickness d a on top of a vertically well-mixed bulk layer of varying thickness. The active layer serves as the interface between water column and sediment bed and its composition may vary over time by exchanges with the substrate and flow. The erodability of a specific size class in a mixed bed is not necessarily the same as for a uniform bed (due to 'hiding' and 'exposure'). Furthermore, bed erosion may become limited when selective entrainment of the fine fraction occurs ('bed armoring'). To include these effects a parameterization according to Garcia and Parker (1991) is applied. This parameterization depends on the grain-size distribution in the active layer:
with E u,j the entrainment rate for a uniform bed consisting of grains of size d j ; d 50 is the median grain size in the active layer; k E is a straining parameter that depends on the characteristics of the sediment distribution in the active layer; k E = 1 À 0.29 r / , with r / the standard deviation of the sediment distribution on the sedimentological /-scale. A detailed description of the sediment transport model in ROMS is given by Blaas et al. (2007) . A model domain with two-level nesting was constructed, where the outer grid extends from 5°À41°N and 30°À5.5°W with a resolution of approximately 8 km. The finer grid is located on the region off Cape Blanc between 17°NÀ28°N and 13°WÀ24°W and has a resolution of 2.7 km. The model topography is adapted from ETOPO2 (Smith and Sandwell 1997) . The shelf width ranges from 30 km up to more than 100 km. In the vertical 32 s-coordinate levels are set. The model is forced with monthly averaged COADS (Comprehensive Ocean-Atmosphere Data Set) for the heat, fresh water and momentum fluxes (da Silva et al. 1994) . Along the lateral boundaries, on the other hand, monthly means of World Ocean Atlas 2001 (WOA 2001) Boyer et al. 2002) climatology is used to prescribe temperature, salinity and momentum fluxes. This climatology is also used for the initialisation of the model from rest in January. The model was spun up for 3 years. Sediment transport module was then switched on and run for one additional year. Figure 10 shows a snapshot of particle distributions for both particle classes along a cross section off Cape Blanc at 21.16°N, where the trap CB13 is located (Table 1) . Lateral transport appears to be significant both for light and heavier particles. While particles with a sinking velocity of 5 m day À1 dispatch from shelf break and upper slope and extend offshore in subsurface plumes, those with a sinking velocity of 30 m day À1 slide along the bottom slope. This cross-shelf transport of light particles explain subsurface particle maxima, which seem to be a common feature at all continental margins and may be observed in vertical camera profiles (e.g. Nowald et al. 2006 ) and other optical measurements (e.g. Inthorn et al. 2006 ). The heavier particles, similarly, could contribute to the fluxes in the lower trap of CB13 (case 3 scenario, Table 2 ), due to their long distance advection in deeper water layers. We argue that offshore transported particles could also serve as ballasting minerals. Following their erosion from the shelf and upper slope, these particles can be found in different water depths of subsurface layers and be involved in the production of fast sinking fecal pellets. If these particles increase aggregate density, it is also possible that they can help to explain accelarating sinking rates of aggregates in the water column. One should bear in mind that upwelling and resuspension of particles from the sediment layer into water column are intermittent processes, which can not be fully resolved by the mean forcing fields used in this modelling study, and therefore the actual transport patterns are expected to be patchier than the simulation results.
Conclusions and implications for paleo-records
Particle flux data from the NW African upwelling indicate that the Canary Current is characterized by a high production of carbonate combined with the deposition of huge amounts of dust (Fischer et al. 2007 ). However, even in this area, carbonate seems to be the most important ballast mineral for organic carbon (Neuer et al. 2004) , as observed for the global ocean (Francois et al. 2002; Klaas and Archer 2002) . In the Cape Blanc area, both lithogenic components and carbonate are tightly related to organic carbon. During a coccolithophorid bloom off Cape Blanc in 1991, high settling rates of alkenone-associated particles (280 m day À1 ) were found, which apparently cause a high transfer of organic carbon to depth. In addition, a close relationship between organic carbon and the fine-grained lithogenic fraction was obtained, pointing towards a special composition of ballast, which might favour high particle settling rates. These findings underscore the argumentation of Armstrong et al. (2002) who suggested that organic carbon fluxes are better related to ballast production than to primary production. The data also argue against the application of organic carbon as an indicator for primary production, as pointed out by Francois et al. (2002) . The link between organic carbon and carbonate both on global and regional scales suggests the application of carbonate for the reconstruction of paleoproductivity from cores above the lysocline (e.g. Rühlemann et al. (1999) . Settling rates of carbonate or coccolithophorid-associated organic particles seem to be not generally high (Müller and Fischer 2001) , suggesting also a significant lateral transport vector for these mineral particles. Consequently, proxies which are related to coccolithophorids such as alkenones, stable isotope or trace element compositions, may not provide a surface water signal above a certain core location, in particular in hemipelagic settings with filament structures. In contrast, other carriers of proxies such as planktonic foraminifera which are much larger and sink individually at higher rates (around 500 m day À1 , Takahashi and Bé 1984) will provide a more autochthonous proxy signal. This might explain discrepancies between different SST records in near-shore environments, where a lateral transport of proxy carriers of several 100 km must be taken into account. Reconstructed SSTs derived from alkenone measurements off Cape Blanc (Müller and Fischer 2001) were significantly lower (e.g. in winter-spring 1991) than stable oxygen-derived SSTs from pteropods or planktonic foraminifera , which can be explained by the different source regions and transport pathways of these proxy carriers. Table 2 ), due to their long distance advection in deeper waters. Numbers are arbitrary units 
